CO gas generated by a carbothermic reaction in Submerged Entry Nozzle (SEN) can reoxidize an Ultra Low C (ULC) steel during continuous casting. When Ti presents in the ULC steel, the CO gas oxidizes the liquid steel and Fe t O-Al 2 O 3 -TiO x liquid oxide mixed with solid alumina forms at the interface between the steel and the nozzle. The reoxidation is partly responsible for the nozzle clogging. In the present study, the kinetics of CO gas dissolution into liquid Fe at 1 823 K was investigated in order to understand how fast the reoxidation occurs, which is responsible for the liquid oxide formation and the nozzle clogging. A series of gas-liquid reaction experiments were carried out under various conditions (gas flow rate, stirring speed, the partial pressure of CO). Dissolved C and O contents in the liquid Fe were analyzed in order to find possible rate controlling step. It was found that a gas phase mass transfer is a possible rate controlling step at low rate of CO gas supply if the flow rate (Q) is lower than 0.75 L min − 1 , which is thought to be higher than the actual CO gas supply rate in a typical SEN (~0.15 L min − 1 , volume corrected at room temperature). Therefore, the reoxidation is limited by the supply of CO gas to liquid steel. Decreasing CO gas generation from the nozzle is recommended to suppress the nozzle clogging.
Introduction
Outer panel of automobiles is one of the main products of a number of steel companies. It should satisfy a number of required properties such as elongation, strain hardening, and anisotropy, which are associated with formability to manufacture the sophisticated outer panel shapes. An Ultra Low Carbon (ULC) steel with Ti shows an enhanced formability by capturing interstitial elements such as C and N. 1, 2) However, it is also well known that Ti deteriorates clogging of Submerged Entry Nozzle (SEN) during continuous casting to a significant level. Contrary to the conventional nozzle clog deposits (mostly alumina clusters 3) ), the addition of Ti causes not only the alumina but also substantial amount of frozen steel. [4] [5] [6] [7] This has an adverse effect on the product quality and productivity. Nevertheless, it has not been clearly known why the nozzle clogging becomes severe in the presence of Ti.
According to previous studies conducted by the present authors, the clogging during Ti-added ULC (hereafter Ti-ULC) steel casting is partly initiated from an interfacial reaction between CO gas from the nozzle and Ti-ULC steel. [8] [9] [10] [11] [12] Since major constituents for normal SENs are Al 2 O 3 , SiO 2 , and C, it could be expected that CO gas is emitted by a carbothermic reaction between SiO 2 and C: 3, 13, 14) SiO refractory C refractory SiC s CO g G Jmo ..... (2) where Δ°G is the standard Gibbs energy change of the reaction at 1 823 K, calculated by FactPS database of FactSage software. 15) It was also reported that Al 2 O 3 in the refractory can react with the graphite: 16) Al O refractory C refractory Al O g CO g G J In the above carbothermic reactions, CO(g) is a common reaction product. And the Gibbs energy change of the Reaction (1) is most negative, therefore, it is likely that the CO(g) is a main gas component after the carbothermic reactions.
The CO gas propagates through inner pores in the nozzle refractory and arrives at the interface between the nozzle and the liquid steel inside the SEN (inner wall). In a usual Al-killed steel, the CO(g) then oxidizes Al dissolved in the molten steel, and forms Al 2 O 3 (s) that adheres on the inner wall. This is already well-known mechanism for network alumina formation. 17) On the other hand, in case of Ti-ULC steel, different phenomena occur. It reacts not only with Al but also with Ti and Fe in the steel. 10, 11) As a result, a liquid oxide composed of Fe t O-Al 2 O 3 -TiO x with solid alumina form at the interface. This was thermodynamically predicted 8, 9) and experimentally validated by the present authors. 10, 11) A schematic explanation can be seen in Fig.  1 . Because the liquid oxide is likely to wet both to liquid steel and to the nozzle, 15) this may act as a precursor of clog deposit which is mainly composed of frozen steel and solid alumina. A possible mechanism was discussed in the previous articles by the present authors. [10] [11] [12] Actual reaction between SEN and Ti-ULC steel was also experimentally investigated by the present authors using a rotating finger method. This was recently published by the present authors. 12) In this research, it was found that clog deposit found in a number of used nozzles contained Ti oxide. This was also found in a series of independent laboratory scale experiments. Source of the Ti must be the dissolve Ti in liquid steel, and source of the oxidation should be CO gas generated from the refractory. Therefore, suppressing the interfacial reaction seems to be beneficial to prevent the nozzle clogging. In order to suppress the reaction, the oxidation by CO gas should be controlled.
Oxidation of Ti-ULC steel by O 2 gas was investigated by Sasai and Matsusawa 19) by blowing a gas mixture of Ar and O 2 onto Fe-Al-Ti melt. This was aimed at observing oxidation phenomena during a tundish operation where air can easily entrap to the liquid steel. They found that a Fe t O-Al 2 O 3 -TiO x was generated on the surface due to oxidation by O 2 included in the gas. Possible rate controlling steps were proposed to be mass transport of O in the oxide film or mass transport of O 2 gas in the gas phase, depending on grade and stirring condition of the steel. While this investigation provides an important insight to enhance cleanliness of the steel during a tundish operation, the oxygen partial pressure employed in this study (5-23 kPa corresponding to 5 -23 × 10 − 2 atm) was higher than that may be found in the SEN (below 10 − 11 atm 10) ), unless there is an air leak into the SEN. It is necessary to have information how CO oxidizes Ti-ULC steel. Oxidation of the Ti-ULC steel by CO gas was already reported by the present authors. 10, 11) After 30 minutes reaction with CO gas at 1 833 K, the formation of Fe t O-Al 2 O 3 -TiO x with alumina was confirmed. However, the oxidation rate of Ti-ULC steels by CO gas was not fully investigated yet. Moreover, how fast the CO gas can dissolve into liquid steel is not known so far:
The dissolution behavior of CO gas into liquid steel has been rarely studied. In most previous studies, the reverse direction (C + O = CO(g)) was considered, because this is essential to understand decarburization of liquid steel in various vacuum degassers including RH process. 20) Only limited information has been known for the kinetics of the Reaction (1). [21] [22] [23] [24] [25] Previous investigations on the kinetics of the Reaction (1) are summarized in Table 1 . Earlier investigations employed Sievert's method [21] [22] [23] in which mass transport of gas species did not limit the reaction rate due to the guaranteed supply of the CO gas to the surface of the liquid phase. Therefore, these investigations provided either diffusion coefficients 23) or mass transfer coefficients of C and O 21, 22) in liquid iron. Investigations by Kajiwara et al. 24) and Tsuchiya et al. 25) employed generally higher C content in liquid iron which limits the Reaction (4). Therefore, the Reaction (4) was partly involved to be the rate controlling step. A more recent investigation by Ito et al. 26, 27) employed an electromagnetic levitation melting technique and a crucible melting technique. They found that one or both of the mass transfer at gas and melt determined the reaction rate.
The followings could be identified from the above investigations:
1) Dissolution of CO gas into liquid iron was very fast: saturated to the CO gas within a few seconds (levitation melting) or within a few minutes (crucible melting in the case of almost pure iron. 26) On the other hand, dissolution rate decreased as initial C content increased. 25) 2) Once the liquid iron was saturated by CO gas, O content in the liquid iron decreased while C content kept increased, provided that CO 2 partial pressure in the incoming gas was lower than approximately 1 volume pct. 26) 3) Most of the investigations considered the diffusion of C and O in a boundary layer in the liquid iron side. [21] [22] [23] Therefore, the possibility of the rate limited by the gas delivery was not taken into account. 4) When the initial content of C was high, it slowed down the dissolution rate of CO gas. 24, 25) These investigations were designed to reveal reactions inside the blast furnace operation. 5) At the high temperature employed in these investigations, the surface reaction must proceed extremely rapid, and it cannot be a rate controlling step. 21,28) 6) Many experiments in the previous investigations were carried out at high temperature (over 1 873 K) with stagnant liquid iron, except for the levitation melting study by Ito et al. 26) On the other hand, conditions inside the SEN during the casting of ULC steel is lower temperature, fast-moving liquid steel, very low C content, natural movement of the CO gas from the SEN. These conditions are considered to be different from those employed in the previous investigations. Therefore, the dissolution rate of CO gas into pure Fe should be investigated under the condition of the SEN refractory/liquid steel interface.
In the present study, the kinetics of CO gas dissolution into liquid iron was investigated using an induction melting furnace. In order to evaluate the role of mass transfer in gas/ liquid iron to the dissolution rate, the flow rate of the gas supplied and stirring in the liquid iron was controlled. Only almost pure liquid iron was used in order to measure the dissolution rate not altered by the formation of any oxide phase on the surface of the iron. With the obtained data, the possible rate controlling step was discussed. Also, it is shown how the dissolution kinetics of CO gas influences to the nozzle clogging during continuous casting of ULC steel.
Experimental
A schematic figure of the experimental apparatus is shown in Fig. 2 . An induction heating furnace equipped with a quartz chamber was used in the present study. 0.5 kg of an electrolytic iron (Toho Zinc Co. Ltd, Japan, compositions in Table 2 ) was charged in an alumina crucible (OD 60 × ID 54 × H 100 mm). The crucible was put in the quartz chamber which was then sealed by brass end caps. The temperature of the crucible was raised by the induction heating and was measured by a B-type thermocouple located at the bottom of the crucible. Ar gas was purified by passing through a Drierite (CaSO 4 ) column and the cylinder filled with Mg chips at 773 K. A flow rate at 1.0 L min − 1 of the Ar was maintained during the heating and subsequent thermal homogenization in the liquid iron. Once a target temperature was achieved at 1 823 K, a cylindrical alumina rod (purity: ~99.7%, D 10 × H 160 (mm)) was dipped into the liquid iron to initiate a stirring. The rod was connected to a motor via a brass jig, and was rotated at a speed (ω) of 100 to 300 rpm. The stirring in the Ar atmosphere was maintained for 5 min in order to secure homogenization of liquid Fe, and a small portion of the liquid iron was sampled using a quartz tube. Then, the Ar gas supply was stopped and a CO gas or a mixture of Ar and CO gas was injected using an alumina lance onto the surface of the liquid Fe, and the reaction time was set to be zero. The CO gas was purified by passing through both Drierite and Ascarite (NaOH) in order to remove trace gas (moisture and CO 2 ). A flow rate of the CO gas or the mixture of Ar and CO gas (Q) was set in the range of 0.3-1.5 L min − 1 . While the liquid iron was stirred, it was periodically sampled at intervals of a minute. After the stirring, the alumina rod was withdrawn from the crucible, and then the CO gas (or the mixture) was replaced with an Ar gas, followed by a termination of the experiment. The surface of the samples was ground to remove any oxide film.
Concentrations of C and O of the samples were obtained by using oxygen gas fusion infrared absorption method (LECO CS844) and inert gas fusion infrared absorption method (LECO ON836), respectively. In some samples, pores were observed by an optical microscope. Detailed experimental information for the experiment was summarized in Table  3 . It was assumed that the dissolution reaction took place through a reaction area (A) of 2.290 × 10 − 3 m 2 , which was the cross-sectional area of the crucible used. were 0.00447 and 0.00912, respectively, and those were measured just before the CO gas was introduced. A full curve represents the equilibrium contents of C and O in the liquid iron at 1 823 K, 1 atm in equilibrium with a gas phase calculated by using FactSage 7.1 with FTmisc/FactPS databases. 15) The gas is almost 95% CO and 5% CO 2 at the equilibrium.
Results
In general, contents of C and O (in mass percent) increased during the reaction between the gas and the liquid iron. This is mostly due to the Reaction (4). When there was only CO(g), According to the Reactions (5) and (6), either decreas-ing [pct O] or increasing [pct C] from the stoichiometric relationship (the dotted line) should be observed. Therefore, the above two reactions were not likely to happen. This was also in agreement with a report by Ito et al. 26) Two additional thermodynamic calculations were carried out where some portion of CO 2 was assumed in the incoming gas (P CO /P CO2 = 9, 19). These were shown in the Fig. 3 by two other dashed lines, respectively. If the CO 2 was involved (backward reactions of (5) and (6)) due to dissociation of the CO before its contact to the surface of the liquid iron, or slight oxidation of the CO while the reaction chamber was shortly open due to the sampling), the CO 2 can increase [pct O] as can be seen in the figure. In addition to this, a number of pores were observed in the quenched sample as shown in Fig. 4 . The estimated volume of the pores increased as the reaction time increased. The surface of the pores could not be removed completely since the pore shape was irregular. It may be concluded that the analyzed [pct O] might be overestimated. On the other hand, the analyzed [pct C] is thought to be less influenced by the above facts. Therefore, in the present study, the dissolution kinetics of CO in liquid It is seen that [pct C] increased in all cases. Rate of C absorption (the increasing [pct C] due to the dissolution of CO) was almost constant irrespective of the stirring condition (rotating speed) as can be seen in Fig. 5(a) . It means that the effect of the stirring condition in liquid iron on the CO dissolution was negligible in the present experimental condition. This is different from the reported rate controlling step in some of the earlier studies [21] [22] [23] where the Sievert's method was employed. As liquid steel passing through SEN is in highly stirred condition, the experimental condition employed in the present study should be suitable to interpret the dissolution kinetics of CO.
Increasing the flow rate of CO at ω = 300 rpm showed that the rate of C absorption generally increases up to 0.75 L min − 1 (Fig. 5(b) ). Higher flow rate did not noticeably increase the rate of C absorption. This implies that there was a resistance in the gas phase when the flow rate was lower than 0.75 L min − 1 , but the resistance in the gas phase became less significant at a higher flow rate.
Varying P CO of the incoming gas mixture also affected the rate of C absorption (Fig. 5(c) ). Increasing P CO increased the rate. From the observations in Figs. 5(b) and 5(c), it is thought that conditions in the gas phase have a significant impact on the dissolution rate of CO gas into liquid iron.
Discussions

Rate Controlling Step of CO Gas Dissolution into Pure Liquid Fe
The dissolution of CO gas into liquid iron may be controlled by one or more than one of the followings steps: a) Diffusion of C and/or O in liquid iron (Liquid Phase Mass Transfer, LPMT) b) Diffusion of CO gas in the gas phase (Gas Phase Mass Transfer, GPMT) c) Gas adsorption at a gas-steel interface (Chemical Reaction) Among the above steps, the slowest step would determine the dissolution rate, and conform with the experimental data reported in the present study. Previous reports on the dissolution kinetics of CO gas agreed that the surface reaction must proceed extremely fast and thus cannot be a rate controlling step. 21, 23, 26, 28) Therefore, the following relationship is assumed to hold:
P ................. (7) where i and K (4) refer to interface and the equilibrium constant of the Reaction (4), respectively. And the possibility of the step c) was not considered in the present study.
Possible Rate Controlling
Step: LPMT Assuming that LPMT is the rate controlling step for the CO dissolution, the following equation holds: where t, A, and V stand for reaction time (sec), the surface area of the liquid iron (m 2 ), and volume of the liquid iron (m 3 ). b was omitted for convenience. In this regime, a thermodynamic equilibrium at the surface of the liquid iron is assumed by the Eq. (7) . With the stoichiometric relationship (Δ[pct O]/Δ[pct C] = 1.33) and the equilibrium constant K (4) , [pct C] i can be calculated, in principle. The actual calculation was carried out using the FactSage 7.1, assuming P CO = 1 in the incoming gas ("a" in the Fig. 3 ). By integrating the Eq. (9) (t = 0 to t) yields, the following equation is obtained. where [pct C] e is the same as the [pct C] i due to the local surface equilibrium, and [pct C] 0 is the initial C content. Figure 6(a) shows a corresponding plot of the data in Fig.  5 (a) where the stirring condition in the liquid iron was varied. In order to conform the data into the Eq. (9), a linear change with the reaction time was assumed. From the experimental condition (V = 7.169 × 10 − 5 m 3 (using a density of liquid iron at 1 823 K (7 000 kg m − 3 ), 29) A = 2.290 × 10 − 3 m 2 ), the k m was extracted. The k m at each ω is shown in Fig. 6(b) . There is no clear dependence of k m on the ω. In general, a rate constant of a reaction limited by the LPMT is dependent on the intensity of the stirring. [30] [31] [32] For example, a correlation between mass transfer coefficient and fluid velocity may be found as: 31) Sh Sc Re = 0 429 0 33 042 .
. .
...................... (11) where Sh, Sc, and Re are the Sherwood number, the Schmidt number, and the Reynolds number, respectively. Increasing the fluid velocity (Re) should increase the mass transfer coefficient (Sh), in the regime of the LPMT. From the analysis shown in this section with the Fig. 5 , it can be concluded that the dissolution rate of CO gas was not limited by the mass transfer in the liquid iron under the present experimental condition. Since liquid steel passes the SEN quickly, it is also reasonable that there is not a noticeable resistance in the liquid steel for the mass transfer of C and O after the CO dissolution from the nozzle refractory.
Step: GPMT By a similar approach, the dissolution rate of CO gas in the regime of GPMT rate control may be expressed as:
where P CO , W, R, k g , T, and M C represent partial pressure of CO in the gas phase (atm), mass of liquid Fe (kg), the universal gas constant (atm m 3 mol − 1 K − 1 ), mass transfer coefficient (m sec − 1 ), absolute temperature (K), and the atomic mass of C (kg mol − 1 ), respectively. P b CO was taken from volume fraction of CO gas relative to the total gas volume at 1 atm. For P i CO , it can be obtained by the Eq. (7) The actual calculation of the P i CO was carried out by FactSage 7.1 as described in the Sec. 3. 15) By changing the Eq. (12) in a finite time frame: Fig. 5(b) are listed in Table  4 . And the corresponding plot of the Eq. (14) is shown in Fig. 7(a) . When Δt = 300 sec, there are significant scatters from the above linear relationship (Eq. (14)). Except for these scatters, the mass transfer coefficient k g was obtained from the slope at each Q, and it was shown in Fig. 7(b) . Up to Q = 0.75 L min − 1 , the slope became steeper as the Q increased. Above this flow rate, the slope was almost similar. Therefore, the dissolution rate of CO gas is likely determined by GPMT in the low flow rate region (Q < 0.75 L min − 1 ). However, the flow rate of CO gas was sufficiently high (Q > 0.75 L min − 1 ), the dissolution rate was not solely determined by GPMT.
As to the effect of partial pressure shown in the Fig. 5(c) , since the present experiment was carried out at Q = 1 L min − 1 which turned out to be out of the GPMT rate controlling regime, it is not adequate to discuss the rate controlling step clearly. Because the C absorption rate increased as P CO increased, the dissolution reaction rate might be limited by chemical reaction for the Reaction (4) where the P CO is a driving force for the forward reaction of (4). However, at present, it is not evident whether the GPMT also partly contributed to the rate controlling step in this case or not.
Assessment of Nozzle Clogging by Dissolution of CO Gas into Liquid Steel
Generally, SEN contains fused silica and graphite in order to secure its thermal shock resistivity and chemical erosion during continuous casting. When the silica and the graphite react each other at their contact point, CO gas generates: 10) SiO s refractory C s refractory SiC s CO g By the above carbothermic reaction, the mass of the SEN decreases by the amount of the CO gas emitted, provided that only the CO gas is produced. From the present study, it is understood that CO gas dissolution into liquid steel is influenced by the supplying rate of the gas. Therefore, it is necessary to assess whether the emitted CO gas is critical to oxidize the liquid steel. In order to know how much the CO gas can be generated in the nozzle by the Reaction (1), relevant information on the contents of SiO 2 and C in the SEN and their reaction rate should be known. As an example case, dimension and composition of a typical SEN were obtained from the literature. 33, 34) The composition and bulk density are listed in Table 5 , 33) and a dimension of an SEN is shown in Fig. 8 . 34) For the sake of simplicity, the followings were assumed: (a) Dissolution of CO gas into liquid steel is not limited by LPMT, but is limited by GPMT when the supply rate of CO (Q) is not higher than 0.75 L min − 1 . Above this rate, increasing P CO can additionally increase the dissolution rate. Reaction area (A) was 2.290 × 10 − 3 m 2 . (b) SiO 2 and C are homogeneously dispersed in the SEN in order to ensure enough reaction area between them. Different constitution inside the nozzle refractory is ignored. (c) Reaction (1) takes place inside the refractory regard-less of location. CO gas generated in the half-inner side of the refractory propagates into the inner wall SEN, thereby dissolving into the liquid steel. Other constituents in the refractory do not produce CO gas. In order to get information about CO gas generation rate in the SEN, an additional experiment was carried out in the present study. Details of the experiment are described in Appendix A. As a result, it was obtained that the Reaction (1) held at 1 823 K produces CO gas as much as 2.33 L min − 1 per mole of SiO 2 (with an excess C).
From the geometry of the SEN shown in Fig. 8 , the height of the part of the nozzle that yields inner interfacial area as much as 2.290 × 10 − 3 m 2 is 9.1 × 10 − 3 m. Volume and corresponding mass of the nozzle providing CO gas into the liquid steel are calculated to be 5.73 × 10 − 5 m 3 and 0.13 kg, respectively. Mass of SiO 2 in the volume is 2.36 × 10 − 2 kg (0.39 mole) which can be calculated from the composition of the refractory given in Table 5 . Since there is an excessive amount of graphite, assuming this amount of SiO 2 produces CO gas by the Reaction (1), it can be obtained that the CO gas is generated as much as 0.92 L min − 1 at Fig. 8 . A simplified geometry of SEN 34) showing a volume generating CO(g) by the carbothermic reaction (Reaction (1)) for an example assessment in Sec. 4.2.
1 823 K, which is then supplied to the inner surface of the SEN (A = 2.290 × 10 − 3 m 2 ). The volume of CO gas may be corrected to 0.15 L min − 1 at 298 K. This shows that once the produced CO gas in the SEN dissolves into the liquid steel, the reaction is limited by the GPMT: propagation of the CO gas from inside the nozzle to the inner surface of the nozzle. The CO gas can oxidize Ti-ULC steel at the interface between the SEN and the steel, and the liquid oxide mixed with solid alumina form. 10, 11) Its consequences on nozzle clogging were discussed in the previous report by the present authors utilizing thermodynamic analysis and experimental trials. [8] [9] [10] [11] A probable cause of nozzle clogging often observed during continuous casting of Ti-ULC steel was proposed also by inspecting a series of plant-used nozzles. 12) From the results obtained in the present study, it is likely that the generation of CO gas needs to be suppressed since the CO gas dissolution can be controlled by its supplying rate from the SEN. Optimizing the nozzle refractory constitution is required to suppress CO gas generation, consequently to suppress reoxidation of the liquid steel and nozzle clogging. Countermeasure to suppressing the CO gas generation in SEN has been investigated by the present authors, and it will be reported elsewhere.
Conclusion
Nozzle clogging of Ti-ULC steel during continuous casting may occur due to reoxidation of the steel by CO gas generated in SEN. In order to assess the possibility of the nozzle clogging, dissolution of CO gas into liquid iron was investigated at 1 823 K using an induction heating furnace with a stirring device. Various experimental conditions were tested in order to find the rate controlling step. It was found that stirring in the liquid iron was not influencing the rate, while flow rate (Q) and partial pressure of CO (P CO ) gas affect the rate significantly. Under the present experimental condition, the rate was controlled by the gas phase mass transfer when the Q was lower than 0.75 L min − 1 . Above Q = 0.75 L min − 1 , the rate was not dependent on Q, but it was still dependent on P CO .
In the context of a reoxidation of Ti-ULC steel by CO gas being responsible for the nozzle clogging, 10, 11) a typical condition of SEN 33, 34) was considered in order to assess whether a CO gas generated in the SEN has a decisive role in the nozzle clogging. It was revealed that supplying rate of CO gas from the SEN falls in the regime of the gas phase mass transfer control on the dissolution of CO into liquid steel. Since the CO gas can reoxidize the Ti-ULC steel and initiate the nozzle clogging, its suppression during the casting operation is thought to be important in order to suppress the nozzle clogging.
Appendix A. Rate of Carbothermic Reaction in SiO 2 + C Mixture at 1 823 K Silica powder (35 μm, No. 37974-00, Kanto chemical, Japan) and graphite powder (~1-2 μm, No. 28286-3, Aldrich chemical, USA) were pre-heated respectively for 1 hour in an Ar atmosphere at 1 273 K in order to remove volatile impurities and moisture, before the carbothermic reaction was allowed. One mole of the silica (6.0 × 10 − 2 kg) and one more of the graphite (1.2 × 10 − 2 kg) were then thoroughly mixed for 1 hour for homogeneous distribution. 2 × 10 − 4 kg out of the mixture was taken, weighed, and placed in a Mo crucible (OD 12 × ID 8 × H 12 mm). Then, it was put in a quartz tube equipped with an RF generator (40 kW, 260 kHz). The tube was sealed by end caps in order to control the atmospheric condition. Ar gas purified by passing through CaSO 4 column, and MgO chips at 773 K was fed into the tube at 0.5 L min − 1 through an inner quartz tube. Power of the RF generator was adjusted in order to set a temperature at 1 823 K. Once target temperature was achieved, the Mo crucible with a mixture of silica and graphite was kept for predetermined time (5, 10, 20, 30 , and 60 minutes). After then, the power was turned off in order to quench the specimen, and was weighed in the same manner before the reaction. The mass change was calculated through the mass difference before and after the reaction. The samples of both before reaction and after reaction for 60 minutes were analyzed through X-Ray Diffraction (XRD) analysis in order to identify phase transition during the reaction.
According to a thermodynamic analysis for SiO 2 -C reaction at 1 823 K using FactSage with FactPS database, 15) it was found that the equilibrium phases were gas (mostly CO(g)), SiC(s) and SiO 2 (s). Since SiO 2 (s) and SiC(s) are a solid phase at 1 823 K, these remained the sample without mass change after the reaction. In contrast, CO(g) leaves out of the sample, resulting in the mass decrease: net mass loss is − 5.6 × 10 − 2 kg per mole of reacted SiO 2 (s). The XRD analysis showed that SiC(s) was formed after 1 hr reaction, as shown in Fig. A1 . Therefore, in the present study, the Reaction (1) was the main carbothermic reaction.
Mass change of all the samples is shown in Fig. A2 . With respect to the initial mass (2 × 10 − 4 kg), it is seen that the samples lost their mass linearly with the reaction time, except for the sample reacted for 60 minutes. Also, from the linear trend (a dashed line), it is postulated that the samples had lost their mass during heating to 1 823 K, although it was not significant. By neglecting the loss during the heating and the sample heated for 60 minutes, it can be concluded that the mixture of SiO 2 and C at 1 823 K lost their mass as much as 3.64 × 10 − 5 kg for 30 minutes (or 1.21 × 10 − 6 kg min − 1 ). From stoichiometry of the Reaction (1), the number of moles of CO gas emitted at 1 823 K was 4.33 × 10 − 5 mole min − 1 from the mixture. This corresponds to 6.47 × 10 − 3 L min − 1 at 1 823 K assuming the ideal gas law. Since the Reaction (1) was not completed during the first 30 minutes, and number of moles of the SiO 2 in the reacted sample was 2.77 × 10 − 3 mole, the calculated volume of CO may be considered as a volume of CO gas generated by the Reaction (1) at 1 823 K per 2.77 × 10 − 3 mole of the SiO 2 , with enough C to react (or 2.33 L min − 1 per mole SiO 2 at 1 823 K).
